New experimental results on the spin dependent structure functions g 1 and g 2 which are determined from deepinelastic scattering experiments at CERN, SLAC and DESY are reported. These results are used to evaluate the Bjorken sum rule and the singlet axial charge a 0 . Results are discussed in the framework of next-to-leading order perturbative QCD. The role of the polarised gluons in the interpretation of the results on a 0 is emphasised. New experiments which aim to determine gluon polarisation are shortly described.
Introduction
One of the most exciting problems in high energy physics is to describe the nucleon spin in terms of its partonic constituents: quarks and gluons. The experimental tool which is used is deep-inelastic scattering of leptons on nucleons, from which parton distributions are determined. The theoretical tool is Quantum Chromodynamics (QCD) which describes the dynamics of parton interactions.
The interest in this subject was initialised by the discovery by the EMC 1 that only a small fraction of the nucleon's spin is carried by quarks. The discovery triggered a large experimental and theoretical activity which is still pursuing.
The main objectives of the present research are focused on the determination and interpretations of the singlet axial charge (a 0 ) and the Bjorken sum rule (BSR), the former related to the nucleon's spin carried by partons and the latter one regarded as a test of perturbative QCD.
The most recent experimental results are from the SMC at CERN, E142, E143 and E154 at SLAC and HERMES at DESY. There is a large progress on the theoretical side, where next-to-leading order (NLO) perturbative QCD calculations became available. The review of these results and of their interpretations is given below.
2 Determination of g 1 and g 2
The spin-dependent structure functions g 1 and g 2 are determined from deep-inelastic scattering of polarised electrons and muons on polarised proton, deuteron and 3 He targets. The one-photon exchange cross section can be written 2 in terms of the spin-independent (σ) and the spin-dependent cross-section(∆σ): 
where x = Q 2 /(2mν) is the Bjorken scaling variable, m is the proton mass, −Q 2 and ν are the invariant mass and the energy of the virtual photon in the laboratory system, respectively. The angle φ is between the lepton scattering plane and the target spin plane and the angle ψ is between lepton momentum and the target spin as shown in Figure 1 .
The two terms can be written as: Here F 1 and F 2 are spin-independent structure functions, y = ν/E, where E is incident lepton energy, m l is the lepton mass and γ 2 = Q 2 /ν 2 = 4x 2 m 2 /Q 2 vanishes at large Q 2 . The experiments use longitudinally polarised (polarisation P b ) leptons and measure asymmetries of the crosssections for opposite orientations of target polari-sations (polarisation P t ):
where → (⇒) denote the beam (target) polarisations andσ refers to spin-averaged cross-section. The symbols and ⊥ indicate longitudinal (ψ = 0 or π) and transverse (ψ = π/2) orientations of the target spin, respectively. In the transverse case the asymmetry is measured between interactions where the scattering plane is at an angle φ and π ± φ (see Fig.1 ). The dilution factor f accounts for the interactions on the unpolarisable material within the target fiducial volume.
These asymmetries can be written in terms of g 1 and g 2 as A = [
where η, ξ, D and d are kinematic factors and A 1 and A 2 are virtual photon asymmetries 2 . Therefore
where
.
The experiments use the NMC parameterisation 3 for F 2 and SLAC parametrisation 4 for R = σ L /σ T , the ratio of photoabsorption crosssections.
Recent experiments.
Recent experiments on polarised deep-inelastic scattering are listed in Table 1. Table 2 indicates distributions which have been determined and also the derived quantities evaluated at fixed values of Q In the QCD-improved parton model, g 1 is expressed in terms of distribution functions of longitudinal polarisation of partons; quarks (∆q i ) and antiquarks (∆q i ) of flavour i and gluons (∆g).
Here ∆f ≡ f + − f − and f +(−) are distribution functions of partons with spin parallel (antiparallel) to nucleon spin:
where n f is the number of active flavours and C i(g) are quark (gluon) coefficient functions and
. The coefficient functions can be expanded in powers of α s and at next-to-leading order (NLO) they are:
At leading order (LO) we therefore get
, which is simply related to ∆q = q + − q − . This can be compared to the spin-averaged structure function
5 New results on g 1 and g 2
5.
1 Results on g p 1 Figure 2 shows results on g p 1 (x) from the experiment E143 5 and from an updated (preliminary) analysis of the SMC data 6 . The points are shown at measured Q 2 > 1 GeV 2 . In the overlap region the results agree within the errors. At smaller values of x the SMC points have large errors due to the cut Q 2 > 1 GeV 2 which eliminates most of the events. Figure 3 shows the corresponding asymmetry A 28 H 2 p 0.5 0.9 1 (a) effective f in the target fiducial volume. (b) includes also data at 100 GeV. 
Distribution
Derrived quantity Experiment Figure 4 shows the Q 2 -dependence of the asymmetry A p 1 (x, Q 2 ) from the E143, the SMC and the EMC 1 in bins of x. Within the errors no Q 2 -dependence is seen between the data sets from SLAC and CERN, covering different ranges of Q 2 at fixed x. Figure 5 shows results on g d 1 (x) from the experiment E143 7 and from the SMC (preliminary) 8 . The points are shown at measured Q 2 > 1 GeV 2 . In the overlap region the results agree within the errors.
Results on
The Q 2 -dependence of the asymmetry 
Results on g n 1
The structure function g g n 1 are consistent, as will be shown below.
Results from deuteron and proton data . In the deuteron, neutron and proton are either in S-state, with both spins in the direction of the deuteron spin, or in D-state where they are opposite to it. The probablility of the D-state is 5 ± 1% 10 and for the asymmetries the correction is 8%:
The off-mass shell effects are negligible for x < 0.7 11 . Shadowing effects at small x were found to give
at x = 0.003; there are no independent estimates and this correction is not made. Therefore we have 1.08 g Figure 7 shows the results for g n 1 (x) from the experiments E143 and SMC (preliminary). In the region of overlap they are consistent, as expected from the agreement on g averaged structure function F n 2 (x) and F p 2 (x) are known 13 to agree within ∼ 3% which is interpreted as due to predominance of the sea quarks. The difference observed here might indicate a relatively important contribution from polarised valence quarks at small x (see sec.10).
Results from helium data.
In the helium wave function the main configurations are: S-wave with two proton spins in the opposite directions and the neutron spin in the direction of helium spin (87%) and D-wave with neutron spin opposite to it and the two proton spins parallel (3% 15 . Figure 8 shows new, preliminary results from the experiment E154 at SLAC 16 . In the same figure preliminary results from the reanalysed experiment E142 are also included. There is a good agreement between the two experiments. Results from E154 have very high statistical precision, comparable or better than the systematic one.
New, preliminary results from HERMES experiment 15 are shown in Figure 9 . 6 Results on g
Results on g ) and a pure twist-3 one (g 2 ):
can be expressed by g 1 (Wandzura and Wilczek 20 ):
The solid line in the figure represents g
. It is consistent with the data indicating that twist-3 term is small. 7 The first moment
The main physics interest is in the first moments of the the spin-dependent structure functions g 1 :
where Γ 1 is the leading-twist (LT) term in the operator product expansion.
In the experiments g 1 is determined in a finite range of x, where x and < Q 2 (x) > are correlated. Therefore calculation of Γ 1 involves extrapolation of measured g 1 (x, Q 2 ) to a common Q 2 0 and also extrapolation to x = 0 and x = 1. Finaly, in order to evaluate the LT contribution to Γ 1 , corrections due to higher-twist terms are required.
Theoretical interpretation
The first moment of g 1 (x, Q 2 ) can be written as
in terms of the singlet (S) and non-singlet (NS) axial charges a i ,
of quark axial-vector current, J µ 5i = ψ i γ µ γ 5 ψ i , and Wilson coefficient functions C S(N S) where p is the target momentum. In the Quark-Parton Model (QPM) the axial charge of a quark of flavour f is expressed in terms of the integral of the corresponding distribution functions of quark polarisa-
is conserved and, assuming SU(3) f symmetry, it can be written in terms of F and D constants in hyperon β-decays:
The singlet axial charge a 0 (Q 2 ) is not conserved because at two loops the gluon operator mixes with divergence of the singlet axial-vector current (this is called "axial anomaly"). As a result, the decomposition of a 0 depends on the renormalisation scheme:
in Adler − Bardeen (AB) scheme :
where ∆G(Q 2 ) = ∆g(x, Q 2 )dx is the integrated gluon polarisation. The gluon polarisation enters explicitly in AB scheme 35 while in MS scheme it contributes via polarised sea ∆q i (Q 2 ).
Evolution of g 1 with Q 2
The structure function g 1 (Eq.5) can be expressed in terms of the singlet and non-singlet polarised parton distribution functions:
< e 2 > − 1 (∆q i + ∆q i ) and
(∆q i + ∆q i ).
and they evolve according to the Altarelli-Parisi equations:
where t = ln(Q 2 /Λ 2 ). The splitting functions
− at next-to-leading order,
have recently been calculated 22 . Differences between spin-dependent and spin-averaged splitting functions give rise to different Q 2 -evolutions of g 1 and F 1 . Therefore the assumption made in most of the analyses up to now that A 1 = g 1 /F 1 is independent of Q 2 , is strictly not valid.
Extrapolation of g 1 in x
Extrapolations of g 1 (x, Q 2 0 ) at large x, from x max ∼ 0.7 to x = 1, were made assuming g 1 (x) ∼ F 1 (x) or ∼ (1 − x) 3 or asumming A 1 (x → 1) → 1. The resulting contributions to Γ 1 are very small and therefore this subject is not controversial.
However, extrapolation at small x, from x min =0.003 for the SMC data and ∼0.03 for experiments at SLAC and DESY to x = 0 requires fenomenological input for the behaviour of the dominant singlet contribution. This behaviour depends on the interplay between expectations from
• Regge trajectories (a 1 and f 1 ), g 1 (x) ∼ x α , 0 ≤ α ≤ 0.5, used by the SMC, E142, E143 and HERMES,
• non-perturbative Pomeron 23 , g 1 (x) ∼ log(1/x), alternatively used by the E143, and the expectations from perturbative QCD which were not used in the experimental analyses:
• |g 1 (x)| rises faster than ∼ log(1/x) ν for any ν and slower than ∼ 1/x λ for any λ > 0
35
• g 1 (x) ∼ 1/x ω with ω > 1 for α s > 0.12, where a strong rise of g 1 (x) at small x is possible 24 .
Experiments assign a 100% error to their extrapolations at small x but the question of underlying assumptions is not settled; measurements of g 1 at smaller x are needed. The need to have small extrapolation error is clearly visible in very high statistics E154 data on g n 1 .
Higher-twist terms
In the operator product expansion Γ 1 is given by
where a (2) , d (2) and f (2) are the matrix elements of twist-2, twist-3 and twist-4 operators, respectively.
There are first experimental results 18 from E143 on a Phenomenological estimates of their magnitude come from QCD sum rules, renomalon methods, lattice QCD and from MIT bag model (see Ref.
25 for a review and also Ref. 26 ). Their values differ, even in sign. However, the implied corrections to Γ 1 are in general smaller than the experimental errors. They are also less important at higher Q 2 .
Results for Γ 1
Recent experimental results for Γ 1 are shown in Table 3 . They were obtained under the assumption that A 1 is independent of Q 2 and using Reggetype extrapolations of g 1 to x = 0. (a) from deuteron and proton data.
(b) in the measured range only (0.014 < x < 0.7).
Physics interest in Γ 1
The first moments of the spin-dependent structure functions g p 1 and g n 1 are used to test the fundamental Bjorken sum rule 27 . Furthermore, Γ 1 is used to evaluate the singlet element of the axial-vector current, a 0 . In the leading-order it is equal to the total spin carried by quarks, a 0 = ∆Σ, and its value was predicted using the Ellis-Jaffe sum rule 28 . The value found by the EMC 1 was much smaller than the prediction. This discovery has led to the "spin crisis" and triggered large experimental and theoretical activity.
Bjorken sum rule
Under the assumption of the isospin symmetry between neutron and proton we can write for the axial charges: (see Eq.9) and we obtain the Bjorken sum rule (BSR) prediction:
This is a very accurate prediction: the value of |g A |, the coupling constant in neutron beta-decay, is known to within 2 permille 31 and the perturbative expansion of C N S is known to O(α Theoretical uncertainties were discussed above; they are due to the assumptions used to obtain Γ p(n) 1 and to the contributions from highertwists, C p−n HT /Q 2 .
Experimental results for the Bjorken sum
The experimental results for the Bjorken sum are given in Table 4 . They are compared to the predictions in Figure 12 where we used n f = 3 and α(M 2 Z ) = 0.117 ± 0.005. Good agreement with the prediction is observed. Figure 12 shows also the sensitivity of the predictions to the value of α s ; the spread in the predictions is mainly due to its error. It is therefore tempting to derive the value of α s (M The theoretical error is mainly due to a renormalisation scale dependence and it is very small.
Determination of α s

Results for a 0 and for the Ellis-Jaffe sum rule
The value of the singlet axial charge (a 0 ) is obtained from Eq.(9) using experimental values for Γ 1 ; a N S is calculated from g A and from F and D values 32 using Eq.(10) and C S has been evaluated 34 up to O(α 2 s ). It can be written as 34 :
where c i are numerical constants and (a 0 ) inv ≡ a 0 (Q 2 → ∞). Using a 0 interpretation from the M S-scheme (Eq. (11)), a 0 (Q 2 ) ≡ ∆Σ(Q 2 ) is the total spin carried by all quarks. With this interpretation and under the assumption of the flavour symmetry in the polarised sea, the value of a s ≡ ∆s can be calculated.
In the leading-order ∆Σ is invariant. Its value can be predicted assuming Ellis-Jaffe assumption Figure 13 : Comparision of the first moments Γ 1 to the Ellis-Jaffe sum rule prediction. Also plotted is the first result from the EMC which gave rise to "the spin crisis".
that OZI rule is valid (∆s = 0):
The values of (∆Σ) inv. and ∆s are given in Table  5 . Clearly, ∆Σ is below expectation and the OZI rule is violated. An alternative way to demonstrate this discrepancy is to compare Γ 1 to the value predicted under the assumption of ∆s = 0 (Ellis-Jaffe sum rule). With this assumption we have a 0 = a 8 and Figure 13 clearly shows that a 0 should be bigger than a 8 which requires a s < 0.
Present understanding of a 0
We can rewrite Eq.(11) in the form:
MS; ∆G enters via polarised sea :
AB; ∆G enters explicitely :
In the AB-scheme, where gluon polarisation enters explicitely, one can estimate ∆G required in order to obtain ∆Σ = 0.6; from Eq.18 we obtain ∆G(10 GeV 2 ) ∼ 2. To summarise: the physics interpretation of a 0 in the NLO is scheme-dependent. Its value is below the expectation from the LO due to gluon polarisation.
9 Determinations of ∆G Indirect determinations of ∆G come from fits of parametrised polarised parton distributions to all g p(d,n) 1 data, using the Altarelli-Parisi evolution equations (Eqs.13 and 14) in the NLO. There are three independent analyses 35 36 37 and in the range 1 < Q 2 < 10 GeV 2 they all require ∆G ∼ 1 ÷ 2. Sizeable gluon polarisation clearly affects the Q 2 -dependence of g 1 . Since the calculation of Γ 1 (Q 2 0 ) requires the extrapolations of g 1 (x, Q 2 meas. ) → g 1 (x, Q 2 0 ), it might lead to different value of Γ 1 . Figures 14 and 15 show the preliminary results from the NLO QCD fits made by the SMC to the recent E143 and SMC data on g p 1 and g d 1 using the procedure of Ref. 35 . Lines show the pattern of the Q 2 -dependence ; the solid line shows fitted g 1 at Q 2 measured by the SMC, dashed and dotted lines are the values at Q 2 of 1 GeV 2 and 10 GeV 2 , respectively. Using the extrapolation
the SMC obtains (preliminary) at Q • Γ 
Results on the polarised quark distributions
First results on the polarised quark distributions were obtained by the SMC 38 from the analysis of asymmetries of semi-inclusive and inclusive cross sections. There are new (preliminary) results from the SMC which include new deuteron data.
The results are obtained assuming QPM. The asymmetry of inclusive virtual photon absorption cross sections is written in terms of the distribution functions of quarks (q(x, Q 2 )) and of their spin (∆q(x, Q 2 )):
The asymmetry of semi-inclusive cross sections depends also on the fragmentation functions of quarks q into a final state hadron h, D h q (z, Q 2 ), where z is the fraction of quark's energy taken by a hadron. The SMC has determined semiinclusive asymmetries for the positive and negative hadron yields integrated over 0.
(21) In Eqs.20 and 21 quark distributions were taken from the MRS parametrisation 39 and the fragmentation functions of non-strange quarks into pions were obtained from the EMC measurements 40 by using charge conjugation and isospin symmetry. In each bin of x these equations for proton and deuteron targets constitute a system of 2 + 4 linear equations written in terms of three unknown spin distribution: of valence quarks, ∆u v (x) and ∆d v (x), and of the sea antiquarks, ∆q(x). They were evaluated by the least-square method and the results are shown in Fig.16 . We observe that ∆u v (x) is positive while ∆d v (x) is negative. The spin distribution of the non-strange sea ∆q(x) is compatible with zero even at small x where the unpolarised sea is large. There is an indication of a non-vanishing valence quark polarisation ∆q v /q v at small x which is consistent with the observation of g n 1 = g p 1 at the smallest x in the SMC data.
How the proton spins?
In terms of the nucleon constituents we expect:
where the Q 2 -evolution of ∆G(Q 2 ) and L z (Q 2 ), the orbital angular momentum of quarks and gluons, must be coupled. This issue raises theoretetical activity 41 but it is still under discussion. As discussed in previus sections, the OZI rule gives ∆Σ ∼ 0.6, which requires ∆G(Q 2 = 10 GeV 2 ) ∼ 2 and the equation above leads to L z ∼ −1.8. 12 Prospects for polarised deep-inelastic scattering
New results from the approved experiments
In the near future we can expect new results from the following experiments:
• SMC will have more data on g p 1 and ∆q. There might be new results for Q 2 < 1 GeV 2 and x < 0.003,
• E155 will have new high precision data on g
for Q 2 > 1 GeV 2 and x > 0.014,
• HERMES will have new data on ∆q (with identified hadrons) and also on g
These data will certainly increase the precison of the present results and might produce new, interesting observations. However they will not solve two outstanding problems which came up recently, 1. to determine the shape of g 1 (x) at smaller x and Q 2 > 1 GeV 2 , 2. to determine directly gluon polarisation ∆g(x), which can be solved only by new experiments.
Proposed experiments
COMPASS at CERN
Experiment has been proposed on the muon beam line at CERN and recently recommended by the SPSL Committee. The main subject of the deepinelastic scattering part of the program is to determine ∆g/g from asymmetries of cross sections for open charm production, D 0 (D 0 ):
whereŝ = (q + k) 2 , x g =ŝ/2M ν denotes the nucleon momentum fraction carried by the gluon and ∆σ is the spin-dependent part of the charm production cross section in the photon-gluon process, shown in Figure 17 . Using 100 GeV µ-beam the experiment will cover x g > 0.07 where the accuracy δA cc ∼ 0.05 is expected. The corresponding accuracy in gluon polarisation is δ(∆G/G) ∼ 0.14. The experiment is expected to start data taking around the year 2000.
Similar experiment on the electron beam at SLAC is being discussed.
At polarised HERA
At HERA the polarised deep-inelastic physics is feasible 42 with the present H1 and ZEUS detectors if the integrated luminosity Ldt ∼ 200 pb −1 is reached for electron and proton polarisations ∼ 0.7. Three physics items are considered.
1. ∆g from di-jet (2+1) events: These events are produced via photon-gluon fusion process shown in Figure 17 , where two jets arise from quark pairs. The momentum fraction carried by the gluon can be determined fromŝ, x g = x(1 +ŝ/Q 2 ), where x is the Bjorken's variable. The expected asymmetries of cross sections are ∼ 0.03 and they can be measured to a high accuracy 43 .
2. ∆g from Q 2 -evolution of g 1 (x, Q 2 ): The measurements cover x ≥ 10 −4 with Q 2 bigger by a factor of 100 compared to fixed-target experiments. However the expected asymmetries are small (∼ 5 · 10 −4 ) and the kinematic depolarisation factor is unfavourable.
Polarisation of quarks from g
It has been proposed 44 to study polarised chargecurrent processes using both e − p and e + p interactions in order to determine new polarised structure functions g
. They are expressed by different flavour combinations compared to g 1 , e.g. g 
Conclusions
There is a good agreement between experiments at SLAC, CERN and DESY on the results on g p(d,n) 1 . The Bjorken sum holds well and is being used to determine α s which might have small theoretical error.
New results are consistent with the singlet axial charge a 0 ≃ 0.25 which is below the expectation from the OZI rule and corresponds to a s ≃ −0.1.
On the theoretical side, there is a large progress in understanding this effect in terms of the polarisation of gluons, ∆G ∼ 1 ÷ 2 at Q 2 ∼ 10 GeV 2 . However with the present data is not sufficient to determine it more precisely from the scaling violations alone. It might be possible with the new data coming from the SMC, E155 and HERMES.
The COMPASS experiment has been recommended at CERN to determine the gluon polarisation from the open charm production in the photon-gluon fusion process. The option to have polarised protons at HERA is under the study and several processes have been proposed to investigate the gluon polarisation there.
